Adsorption of surfactants at interfaces is determined by a number of forces involving electrostatic attraction, covalent bonding, hydrogen bonding, hydrophobic bonding and solvation and desolvation of various species. The extent and type of forces involved vary depending on the adsorbate and the adsorbent and also the composition and other characteristics ofthe solvent and dissolved components in it. The influence of such forces on the adsorption behavior is reviewed here from a thermodynamics point of view. Experimental results from micro calorimetric study of adsorbed layers of different surfactant systems at solid-liquid interface are also presented. It was found that the entropy effect was more pronounced for the adsorption of anionic-nonionic surfactant mixtures than for the anionic surfactant alone. I Iigh surface activity of the nonionics and its hydrophobic interaction with adsorbed anionic surfactants are considered to be the main mechanism for the marked entropy effect in mixture adsorption. Calorimetric investigations of the effect of the position of sulfonate and methyl groups on the aromatic ring of isomerically pure alkylxylene sulfonates on their adsorption at solidliquid interface showed the position of the sulfonate with respect to the alkyl chain to be more critical than that of the methyl groups in determining the adsorption behavior.
INTRODUCTION
Adsorption of surfactants on solids in contact with aqueous solutions is important for controlling a variety of interfacial processes (1,2,3)such as detergency, cleansing action of personal care products, flocculation and dispersion, enhanced oil recovery, mineral flotation and other solid liquid separations. An understanding of the mechanisms of adsorption is essential for improving the efficiency of such processes. Several factors, such as electrostatic attraction, covalent bonding, hydrogen bonding or non polar interaction between the adsorbate and interfacial species, lateral interactions between the adsorbed species, desolvation effects, interactions between dissolved species and surfactants and surface precipitation have been considered to contribute to the adsorption process(4). In real systems adsorption is therefore a complex process since the nature and extent of adsorption is dependent on properties of solids, solution ionic strength, surfactant composition, nature of solvent species, pH and temperature of the system as well as dissolved mineral and biological species. In this paper fiee energy of adsorption is considered in terms of contributions from such factors. The adsorption mechanisms are examined using adsorption and microcalorimetric results of different surfactant systems at solid-liquid interfaces.
THEORY
Adsorption is essentially selective partitioning of the adsorbate into the interfacial region. It results from the more energetically favorable interactions between the adsorbate species and the chemical species in the interfacial region than between the former and those in the bulk solution. If AGO,,, is the free energy term corresponding to transfer of the adsorbent species fiom the bulk(b) to the interfacial region (i), concentration in the interfacial region, C,, can be expressed as -AGO,,, whereas C, is the bulk concentration in mol dm-', R is the gas constant and T is the absolute temperature. To express the adsorption in terms ofmol/cm2 the right hand side of equation is niultiplied by the thickness of the adsorbed layer, t.
AGO&, is equal to AGObi , and can be the result of electrostatic attraction, covalent bonding, hydrogen bonding or non-polar bonding between the adsorbate and adsorbent species, lateral interaction between the adsorbed species etc. In addition, desolvation or solvation of any species due to the adsorption process can also contribute towards the net free energy of adsorption. Another factor that is usually ignored arises from the variations in such physical properties as structure and dielectric constant ofthe medium fiom the bulk to the interfacial region. Thus AGOd, the driving force for adsorption will be sum of a number of contributing forces mentioned above and can be written as: AGO,, =AGQrlec + AGOchrm + Ati',., + Ati",.s + AG",, + Atiotl,O . . .
(3)
AGO,, is the electrostatic interaction term and is equal to zFpd where z is the valency of the adsorbate species, F the Faraday constant and pd the potential in h e 6 plane (6 is the thickness of the compact part of the double layer), AGOchem is the chemical term due to covalent bonding, AGO,, is the lateral interaction term owing to the cohesive chain-chain interaction among adsorbed long chain surfactant species, AGO,., is similar interaction between the hydrocarbon chains and hydrophobic sites on the solid, AGO, is the hydrogen bonding term and AGOM is the solvation or desolvation term owing to hydration of the adsorbate species or any species displaced from the interface due to adsorption.
Adsorption isotherms for certain surfactants such as alkylsulfonate on alumina have been found to undergo a marked increase in slope at a particular surfactant concentration(5) . This has been attributed to the formation of two-dimensional lateral aggregates called solloids or hemimicelles between the adsorbed long chain surfactant species above a certain adsorption density. Such an association in the interfacial region is analogous to the micelle formation in bulk solution and results from favorable energetics of partial removal of the alkyl chains from the aqueous environment. Marked changes in a number of other interfacial properties such as flotation, suspension settling rate and contact angle have provided supporting evidence for such lateral associative interactions among adsorbed surfactant species. The energy gained due to this aggregation can be estimated in a number of ways. For example, AGO,, can be divided into two terms in equation (2), one corresponding to that of electrostatic forces and the other corresponding to that of the hemi-micellization: -AGo,,e, -AG'h,,, RT
Concentrations corresponding to hemimicelle formation (CHMC) can be obtained from flotation and electrokinetic experiments. Substitution of C, , , for c b , and n4h for AGOhm, where n is the number of CH, and CH, groups in the chain and 4,, the average free energy of transfer of 1 mol of CH, groups from the aqueous environment into the hemi-micelles yields (see Fig. 1 ). Heat and standard entropy changes associated with the adsorption process can be calculated by considering the adsorption of the long-chain ions, X; as follows(6).
Consider the process of transfer of solute from solution to the surface to take place in two steps:
c, is the concentration ofthe sodium dodecylsufonate in solution in mole per liter corresponding to an adsorption density of r mole per sq cm at temperature T, and (~G",,,)T is the relative partial molar free energy of the absorbed ions at this temperature. Here we have considered a solute standard state for X in the solution such that the activity coefficient The heat and entropy of adsorption calculated in the manner outlined above for dodecyl sulfonate adsorbed on alumina particles show marked changes at particular concentrations and are in general agreement with the postulate of interaction of surfactant ions to form two-dimensional solloidal aggregates. Most interestingly, the association was found to produce a net increase in the entropy of the system, suggesting a decrease, upon aggregation, in the ordering of the water molecules that were originally surrounded isolated surfactant chains (see Fig. 2 ).
EXPERIMENTAL RESULTS
The broad understanding of the free energy of adsorption is further used to analyze the thermodynamic data as revealed fkom micro calorimetry studies. Calorimetry has been used earlier to study the adsorption of surfactants at the solid/liquid interface (8,9, 10, I1,12) and is an useful tool to understand the interactions of the surfactant with the solid and also cooperative interactions among surfactants on the solid surface. Two different surfactant systems were investigated. In one case, mechanisms of adsorption of an anionic surfactant and a nonionic surfactant, and their mixtures on alumina were studied. In another study, the effect of position of the sulfonate and also of the position of the methyl groups on the benzene ring on the adsorption of isomerically pure alkylxylenesulfonates on alumina was examined. 
A. anionic surfactant sodium octvlbenzenesulfonate CC.bS, and dodecvloxvheDtaethoxvethvlaIcoho1 (C,,EOd svstem
The adsorption isotherm and the heat of adsorption curve for 1:l C,@S/C,,EO, mixtures system are shown in Fig. 3 . The shape of the heat curve mirrors that for adsorption, except for the absence of a maximum. The adsorption enthalpy however was surprisingly constant as a h c t i o n of adsorption density (Fig. 4) . As compared to the adsorption of pure sulfonate, adsorption of surfkctant mixtures on alumina is less exothermic although adsorption levels are significantly higher before the onset of plateau. These results clearly suggest a stronger entropy eflect for mixture adsorption than for single sulfonate adsorption.
B. alkvlxvlenesulfonates svstem
In order to better understand the mechanisms of adsorption, the adsorption enthalpies of the three surfactants were measured using calorimetry. The diflerential enthalpy of adsorption of the three surfactants as a function of adsorption density is shown in Fig. 5 .
The enthalpy of adsorption of the surfactants is exothermic at all adsorption densities. The enthalpy is constant and highly exothermic in a small range of low adsorption density. This can be interpreted as being due to the direct interaction between the ionic heads of the surfactant and the individual ionic sites of the surface. With increase in the adsorption density, the enthalpy decreases and finally attains a constant value. The adsorption I density at which the enthalpy starts to decrease corresponds to the onset of formation of solloids (hemimicelles) as inferred fiom the break in the adsorption isotherm; i.e., there is simultaneous interaction between the individual molecules and surface and between hydrophobic parts of the surfactant. Finally, when the adsorption proceeds purely due to hydrophobic interaction between the hydrocarbon tails, the enthalpy attains a constant value of about -4 kcaVmol, which is of the same order of magnitude as the enthalpy of micellhtion of the surfactants ( --1 kcaV mol ). This indicates that like the formation of micelles, the formation of solloids is also entropy driven. The error in the enthalpy at low adsorption densities (below lo-'' moV cm') is 14% and at high adsorption densities 3%.
The enthalpy of adsorption of the para-xylenesulfonates is higher than that of meta-xylenesulfonate at low adsorption densities suggesting greater attraction to the solid surface which results in their larger adsorption. This greater attraction is attributed to a combination of electrostatic and hydrophobic attraction of the surfactants to the interfacial region. These results confirmed the earlier finding (14) that adsorption of the two paraxylenesulfonates is higher than that of the metaxylenesulfonate in the premicellar region but is the same in the plateau region. The lower adsorption of the meta-xylenesulfonate in the hemimicellar region was attributed to 1. lower hydrophobicity of the alkyl chain due to higher inductive effect from the sulfonate, since it is closer to the alkyl chain in the case of meta-xylenesulfonate (1 5) , and 2. higher steric constraints arising from the position of the sulfonate and methyl groups to the packing of the surfactant molecules in solloids. Also it can be seen that the two para-xylenesulfonates have similar enthalpy of adsorption. This suggests that the position of the methyl groups does not play as important a role as the position of the sulfonate. Once the solloids form, the adsorption enthalpies of the surfactants are similar. 
CONCLUDING REMARKS
It can be seen from the above discussion that adsorption is determined in addition to the interactions of the surfactant species and its complexes with the solid also by the nature of interaction forces between solvent species and surfactant species as well as the solid surfwe. Electrostatic interactions between surfactant molecules and the solid surface and the lateral chain-chain interactions between the adsorbed surfactant molecule play an important role in determining the adsorption behavior. As seen fiom the two experimental studies of surfactant system at solid/liquid interface, at low surfactant concentrations enthalpy is the main driving force for adsorption while the adsorption is entropy driven at higher surfactant concentrations. The entropic effects were more pronounced in the case of anionic-nonionic surfactant mixtures compared to the nonionic system alone. The nonionic surfactant, dodecyloxyheptaethoxyethylalcohol (C,,EO,), is highly hydrophobic and its adsorption is strongly induced by the co-adsorbed anionic sodium octylbenzenesulfonate species (c84s) through hydrophobic chain-chain interactions at the alumina-water interface. The adsorbed C,@S molecules can be considered to serve as hydrophobic nucleation sites for the abstraction of the nonionic C,,EO, into the adsorbed layer. This adsorption process is strongly entropy driven since such a process is accompanied by the release of many water molecules from around each nonionic surfactant molecule.
Calorimetric data fiom alkylxylenesulfonates isomers showed that the position of the sulfonate and the methyl groups on the aromatic ring of alkylxylenesulfonates has a major effect on the energetics of their adsorption and the nature of their aggregation at the interface leading to a marked effect on the extent of adsorption. Systematic work on adsorption as well as desorption using absorbents and adsorbates of different structural and compositional characteristics will be required to develop a full understanding of the overall adsorption process.
